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R. A. Scardovelli,* R. A. Nebel, K. A. Werley, and
G. H. Miley*
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I. INTRODUCTION

Oscillating Field Current Drive (OFCD) as originally proposed by Bevir and
Gray! is based on the premise that in order to sustain a relaxing Reversed Field
Pinch (RFP) plasma, one needs only to supply magnetic helicity at the same rate it

is consumed. The helicity balance equation reads as!+3:3

ﬂ—zw-z/z Bdr, (1)

where the term on the left-hand side represents the rate of change of helicity inside
the vacuum vessel, the integral is the rate of dissipation of helicity in the plasina
and the remaining term is the rate at which helicity is injected or rjected from the
boundary. Since the surface term in Eq. (1) contains the product of the toroical flux
¢ with the toroidal voltage V', helicity can eflectively be “injected” into the plasma
if @ and V, are sinusoidally oscillated in phase with one another, even thongh the
time-averaged electric fields are zero.

The purpose of this work is to try to better understand the possible mechanisms
underlying these reluxations within the rontext of different kinds of resistive MIID
instabilities. Ir. previous work,*® we have shown that m = 1 helical perturbations

are required if reristive MHD is the mechanism for the plasma current sustainment
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during OFCD. Furthermore, we have identified a class of m = 1 tearing modes that
generate significant amounts of poluidal flux (a necessary condition for current drive).
In this paper, we will search for evidence of the presence of these instabilities in OFCD

discharges from ZT-40M.

II. MODEL

As mentioned in the previous section, a class of m = 1 tearing modes that satisfy
the necessary criteria of increasing the poloidal flux and of inducing a dc emf on axis
has been identified. The linear and nonlinear behavior of these instabilities was
discussed in detail in a paper by Zaramana, Nebel and Schnack.® These modes are
driven unstable by an off-axis peak in the J;/B profile and nonlinearly result in an
increase in the poloidal flux (and a decrease in q on axis). Single-heliciiy nonlinear
simulations have shown that the final globally reconnected state is well described
by the Kadomtsev reconnection model.%” Since the Kadomtsev interaction region”
seldom extends to the reversal surface, these modes should not significantly affect
the RFP “dynamo”.

However, the RFP dynamics also include another type of instability that
decreases the poloidal flux. These instabilities have been shown by many
authors®®-14 to cause the so called “dynamo effect” in the RFP, which inaintains the
toroidal flux inside of the toroidal field reversal surface. The nonlinear evolution of
thene two kinds of instabilities (i.e. the dynamo mode and the current drive mode) is
schematically represented in Fig. 1. In botl cases, the r2 = 1 current-driven tearing
modes tend to flatten the J /B profile, thus bringing the plssma closer to a Taylor
relaxed state.?®

A simple scenario for a single cycle of the OFCD oscillations can be constructed
in terms of the evolution of the q profile, by considering the siability of the RFP
configuration to the two above-mentioned kinds of m = 1 current-driven tearing

wmodes. A schematic picture of the entire cycle is given in Fig. 2.

III. TRANSPORT SIMULATIONS OF THE OFCD DISCHARGES
We liave simulated the MHD dynamics of the OFCD experimenial discharges?®

using the combination of a 1-D ‘ransport model. Since all the oscillations are similar,



only one cycle of the OFCD oscillations in a given discharge has been analyzed.

The purpose of the 1-D transport simulations is to determine if the m = 1
modes required for OFCD are present in the experimental data. First, the initial
profiles for the magnetic field, temperature and density are specified consistently with
the experimental measurements of density, temperature and the global parametiers
F(F = B.(a)/ < B, >) and (0 = Be(a)/ < B, >). These profiles are then evolved
in time with a 1-D cylindrical transport code 17 in which the plasma configuration
evolves through a series of equilibrium states. The applied boundary conditions are
the experimentally measured toroidal magnetic field and electric field at the wall.
The resultant waveforms of the toroidal flux and plasma current are then compared
with the experimental values. Since both the RFP dynamo instabilities and the
current drive instabilities are not describable by a 1-D, two-fluid transport model,
disagreement between the simmnlation results and the experimental data strongly
suggests that one of these types of instabilities is present. low the numerical
simulation and the experiment disagree as well as the MHD stability of the calculated
Jii/ B profile will indicate which type of mode is the most likely.

f the toroidal magnetic flux in the simulation is less than the flux measured
experimentally, then it is likely that the “dynamo” is present in the experiment.
If the toroidal current in the simulation is less than the experimentaily measured
toroidal current and the simulation indicates the presence of an ofl-axis peak in the
Jy/B profile that is unstable to m = 1 tearing modes which reconnect to the axis,
then we interpret this result as indicating the presence of current drive modes. As
will be shown below, this case does not occur in the simulations.

Because experimental resistivity profile information does not exist, we treat
this profile as a free parameter. By performing transport simulations with different
resistivity profiles, we try to make sure that differences between the results of the
simulations and the experiinental data are due to the plasma dynamics not modeled in
the transport code (i.e. dynamo and current drive modes) rather than to resistivity
profiles. For this reason, we have considered different resistivity profiles, that we
have written in the form: y(r,t) = 5(0.1) - y(r). The value of tiie resistivily on axis

17(0,1) is consistent with Spitzer's formula® (T,(0) is based on Thomson scattering,



Zegy =2).

Transport resulis are presented only for a high current, two-cirenit oscillation
discharg=. We have simulated a number of different discharges under various
conditions® with similar results. The cycle under examination is divided in two
phases: one in which the toroidal flux ¢ increases and the other in which ¢ decreases.
The profiles are initialized at the beginning of each phase to match the experimental
data. The toroidal voltage and the magnetic toroidal field at the wall B,(a), used as
boundary conditions for the transport simulation, are shown in parts (a) and (b) of
Figs. 3 and 4. The average toroidal magnetic field < B, > and the plasina current
I are presented in parts (¢) and (d) as given by the «xperiment (solid line) and from
our simulations (dots). As expected, we 2re not able to reproduce the waveform of
the average toroidal field < B, > during the increasing flux phase, no matter how
we change the resistivity profile. Thus, the RFP dynamo is apparently active during
this phase.

During the decreesing flux phase, the compression of the plasma induces an off-
axis current peak. However, even in our closest simulation (shown in Figs. 4 ¢,d), the
toroidal flux lags the experimental value, suggesting that the dynamo may be present
in this phase as well. Other simulations with different resistivity profuzs showed an
even larger discrepancy between the simalated and experimental toroidal fluxes.

The major problem present in every discliarge we have examined, is that the
“dynamo” appears to be active during the entire cycle. This seems fo suggest the
need of an increase in the swing of the toroidal flux or its frequency. In this way, the
plasma compression will extend for most of the decreasing flux phase and the current
peaks determined by the applied E, and Eq ot the wall (roughly coincident with £,
and E))) will add up. In the same phase, a higher value of Ey will sustain Jo from the
boundary, thus slowing down the inward motion of the reversal point. Vice versa,
during the increasing flux phase, a more negative value of Ly will drive currents in
the poloidal direction that will help waintain reversal against the plasma expansion.

In suminary, a higher value of th» poloidal voltage should remove the skin current
from the plasma edge and should eliminate the RFP “dynamo” during the toroidal

flux decreasing phase. The importance of the radial parallel current profile and of



the ratio Vy/V;, has been deduced from the analysis of the 1-D transport simulations

of the experimental data and cannot he predicted hy the 0-D global helicity balance
of Eq. (1).

IV. SUMMARY AND CONCLUSIONS

A scernario for a cycle of the OFCD oscillations has been developed in terms of the
evolution of the q profile. The compression and expansion of the plasma, determined
by the modulatioas of the applied toroidal and poloidal voltages, have been ass~ciated
to two different classes of m = 1 current-driven tearing modes. One type of instability
is driven unstable by off-axis current peaks and nonlinearly generates poloidal ilux,
which is a necessary condition for current drive; the other type of instebility is
driven unstable by on-axis current peaks and sustains the toroidal magnetic field
configuration against resistive diffusion.

We have provided an interpretation of the experimental data. A Major issue is
that the simulations indicate that the RFP “dynamo” may be continuously present
luring the entire cycle of the OFCD oscillations. An increase of the ratio V/V, from
its low value in the present experiments should remove the skin currents localized in
the outer edge of the plasma and eliminate the “dynamo effect” fiom the decreasing

flux (current-drive) phase.
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Fig. 1. Schematic evolution of unstable peaks in the
Ju/B profile: a) inward flattening of an off-
axis peak (current penetration mode), b) out-
;:;d)flattoning of an on-axis peak (dynamo
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Fig. 3. Shot aumber 22073. High current, two-circuit oscillations. In-
creasing flux phase. Boundary conditions: a) toroidal voltage,
b) toroidal magnetic field at the wall, c) average toroidal mag-
netic field, and d) plasma current.
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Fig. 4. Shot number 22073. High Current, two-circuit oscillations. De-
creasing flux phase. Boundary conditions: a) toroidal voltage,
b) toroidal magnetic field at the wall, c) average toroidal mag-
netic field, and d) nlacma furmans



